netic distribution, and how and when during mammalian evolution it arose, is unknown. Based on genomic sequence analyses, we predict that a functional CRHR2γ is present in all Old World monkeys and apes, and is unique to these species.
CRHR2γ arose by exaptation of an intronic sequence-already present in the common ancestor of primates and rodents-after retrotransposition of a short interspersed nuclear element (SINE) and mutations that created a 5′ donor splice site and in-frame start codon, 32-43 million years ago. The SINE is not part of the coding sequence, only of the 5′ untranslated region and may therefore play a role in translational regulation. Putative regulatory elements and an alternative transcriptional start site were added earlier to this genomic locus by a DNA transposon. The evolutionary history of CRHR2γ confirms some of the earlier reported principles behind the "birth" of alternative exons. The functional significance of CRHR2γ, particularly in the brain, remains to be showed.
K E Y W O R D S
corticotropin-releasing hormone receptor, exaptation, exonization, gene evolution, primates, splice variants, transposable elements Genes to Cells DE GROEF Et al. distinct pharmacological properties and expression patterns, and hence different roles (Hauger et al., 2006; Hillhouse & Grammatopoulos, 2006) . Several splice variants have been described for both CRHR types. The physiological role of many CRHR1 variants is uncertain, because most have impaired binding and/ or signaling properties (Hillhouse & Grammatopoulos, 2006) . As for CRHR2, mammals express up to three distinct, functional variants that differ in their N-terminal sequence: CRHR2α, CRHR2β and CRHR2γ. These variants result from the use of multiple promoters and alternate 5′ exons (or two in the case of CRHR2β: exons β1a and β1b) that are spliced to a set of 11 exons common to all three variants (Catalano, Kyriakou, Chen, Easton, & Hillhouse, 2003) . Consequently, the α, β and receptor variants each have a different N-terminal extracellular ligand-binding domain, but the same seven-transmembrane domain and intracellular C-terminus.
The γ form is the least studied variant of CRHR2 and has only been described in humans so far, where it is mainly expressed in the brain (Kostich, Chen, Sperle, & Largent, 1998) . However, Catalano et al. (2003) noted the presence of a γ1 exon in genomic clones of the olive baboon (Papio anubis) and the chimpanzee (Pan troglodytes). This suggests that CRHR2γ is not human-specific and may have a wider phylogenetic distribution than previous thought. With a growing number of genome assemblies available, we set out to investigate the phylogenetic distribution of CRHR2γ within the primate lineage and attempted to unravel its evolutionary history. Here, we show that the γ splice variant of CRHR2 arose by exaptation (exonization) of an ancestral intronic sequence and a transposable element.
| RESULTS AND DISCUSSION
CRHR2 sequences from 24 primate species were retrieved from GenBank (http://www.ncbi.nlm.nih.gov; Table S1 ). Predicted CRHR2γ sequences were available for catarrhine species (Old World monkeys and apes), but not for any platyrrhines (New World monkeys), strepsirrhines (lorises and lemurs) or tarsiers. They were not found in any of the 63 nonprimate mammals or 59 nonmammalian vertebrates additionally investigated (not shown). All γ1 exon coding sequences showed very high sequence similarity, with identity scores of ≥90% at the nucleotide level and ≥85% at the amino acid level (Supporting Information Figure S1 ). The coding sequence of the γ1 exon consists of 60 bp and is 100% identical among great apes (humans, gorilla, pygmy chimpanzee and orang-utan), as well as between some Old World monkeys. The CRHR2γ coding sequence of all Old World monkeys has a T in position +30, whereas all other hominoids have an A, resulting in a valine or aspartate residue, respectively, in the deduced amino acid sequences. In addition, all Old World monkeys have a G in position +15 where this is T in all apes, but this does not translate to a difference in amino acid sequence.
In order to reconstruct the evolutionary history of the γ1 exon, genomic CRHR2 sequences of selected primate and closely related species were compared (Table S2 ). The presence of human-like γ1 exon sequences with an open reading frame was confirmed in catarrhines only. However, in all other primate species investigated, as well as in a representative species of their sister order Scandentia (tree shrews) and of Rodentia (rodents; placed together with primates in the superorder Euarchontoglires), an intronic "γ1-like" sequence was found in a similar genomic location, that is, between the β1b and α1 exon. This γ1-like sequence resembles the coding sequence of the human γ1 exon, as well as some upstream nucleotides that, in humans, are part of the 5′ untranslated region (5′UTR; Supporting Information Figures S2 and S3 ). In the galago (Otolemur garnettii) and the Philippine tarsier (Carlito syrichta), the γ1-like sequence contains a start codon in a similar position as in humans. In lemurs and in the tarsier, the intronic γ1-like sequence is expanded due to a simple repeat-(AC) 20 in mouse lemur (Microcebus murinus), (AC) 14 in sifaka (Propithecus coquereli) and (AC) 17 in the Philippine tarsier.
Given the important contribution of transposable elements to exonization of intronic sequences (Sorek, 2007) , the genomic sequence of human CRHR2 was analyzed for the presence of repeat elements using RepeatMasker version Open-4.0.5 (http://www.repeatmasker.org; Table S3 ). The first part of the 5′UTR of the γ1 exon in humans was found to consist of a short interspersed nuclear element (SINE), a free left Alu monomer (FLAM-C; Supporting Information Figure S4 ). The SINE contains a 3′ acceptor splice site that, at least in the human hippocampus, is involved in aberrant splicing events that include the γ1 exon as an internal exon (Catalano et al., 2003) . The γ1 exon is flanked by an upstream hobo-Activator-tam (hAT)-Charlie23a DNA transposon, which contains putative binding sites for the transcription factors POU1F1 (PIT1) and OCT1 and a predicted alternative transcription start site (Catalano et al., 2003) . Downstream of the γ1 exon is the 3′ end of an L2c long interspersed nuclear element (LINE), a retrotransposon ( Figure 1a) . Comparison of the genomic sequence of humans with that of other species demonstrated that a conserved SINE is also present in the homologous genomic locations in apes, Old World monkeys and New World monkeys (Figure 1b) , although the SINE sequence in humans and apes is 27 bp shorter than that in New World and Old World monkeys (Supporting Information Figure S5 ). All primate species, as well as mouse (Mus musculus) and tree shrew (Tupaia belangeri), contain a hAT-Charlie DNA element upstream of the γ1 | Genes to Cells DE GROEF Et al. or γ1-like sequence, but a homologue of the downstream LINE was not found in mouse.
Our phylogenetic analysis suggests the following steps in the evolution of the γ1 exon of CRHR2, using lineage divergence times estimated by Perelman et al. (2011): 1. An intronic "seed" sequence consisting of a hAT-Charlie DNA transposon with a POU1F1 and OCT1 binding site, followed by a γ1-like sequence, was already present in a common ancestor of the Euarchontoglires ("A" in Figure 2 ). This genomic configuration still exists in mouse, tree shrew and lemurs, although in the latter, the γ1-like sequence was expanded by an (AC) n simple repeat, as it did in the Philippine tarsier ("B" in Figure 2 ).
2.
Between 43 and 81 million years ago, before the divergence of Platyrrhini and Catarrhini but after the split of the Tarsiiformes, a SINE retrotransposed between the hATCharlie element and the γ1-like sequence ("C" in Figure  2 ). The SINE was shortened by 27 bp in a common ancestor of the Hominoidea, between 20 and 32 million years ago ("D" in Figure 2 ). 3. After the divergence of the Platyrrhini, between 32 and 43 million years ago, a C→T mutation near the 3′ end of the γ1-like sequence created a 5′ donor splice site CAAG[cut]GTAT, with the underlined GT the invariable part of the consensus sequence (Amit et al., 2012 ; "E" in Figure 2 ). 4. Last, exaptation of the intronic γ1-like sequence required the establishment of an in-frame start codon. Our analysis does not allow us to unequivocally pinpoint the timing of this event. A start codon may have been present in a common ancestor of the primates, which was then independently inactivated by a mutation to GTG or ATA in the Lemuriformes and Platyrrhini, respectively. Alternatively, the start codon may have originated in a common ancestor of the Catarrhini between 32 and 43 million years ago, and independently in galagos (Lorisiformes) and tarsiers.
Additional retrotransposon activity occurred in the subfamily of the Colobinae within the Old World monkeys, and in galagos (Figure 1b) . In the galago, the hAT-Charlie element is separated from the γ1-like sequence by several Alu element insertions that occurred in the past 69 million years ("F" in Figure 2 ). In Colobinae (Colobus angolensis, Rhinopithecus roxellana), the UTR sequence was interrupted by the insertion of an AluYRa1 element, 12-18 million years ago ("G" in Figure 2 ). This retrotransposition occurred relatively recently, as indicated by the presence of a perfect target site duplication (GAAATAATTCCT) on both sides of the Alu element. Some AluY elements still actively retrotranspose in the human genome as well (Bennett et al., 2008) . Interestingly, we were not able to detect any of the above elements, including a γ1-like sequence, in the corresponding genomic locus in the flying lemur (Galeopterus variegatus). Flying lemurs (Dermoptera) are the closest mammalian order to primates and diverged about 92 million years ago (Perelman et al., 2011) . RepeatMasker analysis confirmed that, while certain repeat elements in this locus are conserved in the G. variegatus sequence, the hAT-Charlie element and the L2c element that in all primates and tree shrew flank the γ1-like sequence, are absent (Table S3 ). It appears that in this species, the part of the genomic CRHR2 sequence containing the γ1-like seed sequence was lost entirely ("H" in Figure 2 ). This case study of the evolution of the CRHR2γ splice variant in primates confirms some of the molecular mechanisms leading to exonization of intronic sequences found in previous studies: (a) An Alu element was involved in creating a primate-specific exon and was inserted in the antisense orientation (Sorek, 2007; Sorek, Ast, & Graur, 2002) ; (b) following insertion of the Alu element, only a few mutations were needed for exonization, namely to create a 5′ donor splice site and an in-frame start codon, millions of years after the initial Alu retrotransposition (Krull, Brosius, & Schmitz, 2005; Singer, Männel, Hehlgans, Brosius, & Schmitz, 2004) . However, importantly, in contrast to the case of the human tumor necrosis factor receptor gene type 2 reported (Singer et al., 2004) and various other genes (Nekrutenko & Li, 2001) , the Alu element in the γ1 exon is part of the 5′UTR but not of the protein-coding sequence and does not contain the 5′ splice site; instead, a flanking intronic sequence was exapted as a new, alternative proteincoding sequence and the 5′ splice site formed at the 3′ end of this intronic sequence. It remains remarkable that an intronic sequence is exapted as coding sequence, as studies with chimeric CRHRs have showed that the N-terminal extracellular domain plays a crucial role in ligand binding and receptor activation (Liaw, Grigoriadis, Lovenberg, Souza, & Maki, 1997) . The exaptation of an intronic sequence created a new CRHR2 isoform with a unique N-terminus of 20 F I G U R E 2 Evolution of the type 2 corticotropin-releasing hormone receptor (CRHR2) γ1 exon in Euarchontoglires. Thick horizontal lines with letters in bold refer to events described in the main text. Numbers are lineage divergence times as estimated by Perelman et al. (2011) | Genes to Cells DE GROEF Et al. amino acids that is quite different from the other alternative 5′ exons-exon α1 (encoding 34 amino acids in humans) and exons β1a and β1b (together encoding 61 amino acids in humans)-yet CRH-like peptides are capable of binding and activating CRHR2γ (Kostich et al., 1998) . The exapted SINE, being part of the 5′UTR, may be involved in translational regulation of CRHR2γ expression.
Further functional studies are required to confirm CRHR2γ expression, both at the mRNA and protein level, in various tissues of Old World monkeys and apes. The tissue distribution of CRHR2γ has only been reported in humans using PCR and Southern blot analysis (Kostich et al., 1998) , showing that expression is largely restricted to the brain (with prominent expression in septum and hippocampus and lower expression in amygdala, midbrain, frontal cortex and nucleus accumbens). Potentially, very low expression is present in human lung, but no expression was found in heart or skeletal muscle. It is likely that the distribution of CRHR2γ is similar in other catarrhines, as Catalano et al. (2003) pointed out that that the sequences upstream to the start codon in humans, olive baboon and chimpanzee are highly conserved, including putative binding sites for estrogen receptor, glucocorticoid receptor and POU1F1, a pituitary transcription factor. In addition, predicted transcriptional start sites were also highly conserved between these species. We have shown here that the coding sequence of the γ1 exon is highly conserved as well, suggesting that the pharmacological properties of catarrhine CRHR2γs will be very similar to humans. Human CRHR2γ shows similar binding properties to CRHR2α, with CRHR2β 10 times more potent in stimulating adenylyl cyclase activity in transfected 293-EBNA cells (Kostich et al., 1998) . The functional significance of CRHR2γ in the brain, including the human brain, remains to be determined, particularly since brain parts expressing CRHR2γ also express CRHR2α and -β (Kostich et al., 1998) .
| EXPERIMENTAL PROCEDURES
Sequences were retrieved and analyzed as specified in the previous section. Sequence alignments were made using Clustal Omega (https://www.ebi.ac.uk/Tools/msa/clustalo/) using default settings.
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